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Polarization-dependent free-carrier absorption (FCA) in bulk m-plane GaN at 1053 nm revealed
approximately 6 times stronger hole-related absorption for E\c than for Ejjc probe polarization
both at low and high carrier injection levels. In contrast, FCA at 527 nm was found isotropic at low
injection levels due to electron resonant transitions between the upper and lower conduction bands,
whereas the anisotropic impact of holes was present only at high injection levels by temporarily
blocking electron transitions. Carrier transport was also found to be anisotropic under two-photon
excitation, with a ratio of 1.17 for diffusivity perpendicular and parallel to the c-axis. VC 2012
American Institute of Physics. [doi:10.1063/1.3674306]
Development of nonpolar and semipolar GaN-based devi-
ces has been gaining interest as the polarization induced fields
in the commonly employed polar c-plane orientation hamper
the efficiency of light emitters and brings about constraints on
the widths of quantum wells used in active regions. For device
designs utilizing nonpolar and semipolar orientations, it is im-
perative that anisotropy of optical and electrical properties of
wurtzite type nitrides is considered. However, the anisotropy
of carrier transport or polarization-dependent absorption have
not been investigated in sufficient detail, as the earlier studies
utilized relatively thin c-plane GaN platelets which restricted
the propagation of a probing optical beam along the symmetry
axis (kjjc, E\c). Heretofore, only the polarization-state of
emission in thin nonpolar m-plane GaN films has been investi-
gated, confirming the polarization selection rules and reveal-
ing an anisotropic strain.1,2
Bulk nonpolar crystals allow coupling of an optical
probe conveniently along or perpendicular to the c-axis and
thus investigation of the anisotropic features. Indeed, a
strong anisotropy of free-carrier absorption (FCA) has been
observed in heavily doped hexagonal n-SiC polytypes due to
anisotropy of electron effective mass.3,4 In nitride semicon-
ductors, the valence band splitting and spin-orbit interaction
lead to more favorable conditions for the hole-related FCA,5
and the indirect absorption processes have been numerically
analyzed for GaN/InGaN heterostructures in the 400-670 nm
spectral range.6 The latter calculations predicted up to two
times higher intraband absorption cross-section by holes for
light polarized perpendicular to c-axis (rh\) than that for the
parallel polarization (rhjj) and rather weak isotropic absorp-
tion by free electrons. The experimental value of FCA for
undoped c-GaN was reported for a bipolar free-carrier
plasma only for the E\c polarization, providing a cross-
section of reh¼ (2.56 0.3) 1017 cm2 at 1053 nm.7
Here, we report on an experimental study of free-carrier
absorption and carrier transport in a nonpolar m-plane bulk
GaN substrate using optical probes at kp¼ 1053 and 527 nm.
Taking advantage of the in-plane c-axis, we were able to
investigate the anisotropy by directing the linearly polarized
probe beam normal to the surface and rotating its polariza-
tion for full 360. Measurements of polarization-dependent
FCA revealed nearly 6-times stronger hole-related absorp-
tion at 1053 nm for E\c as compared to that for Ejjc. Iso-
tropic and rather strong FCA was measured at 527 nm which
we attributed to FCA in the conduction bands. The anisot-
ropy of ambipolar and hole diffusivity was found to be much
less pronounced.
The measurements were carried out on a d¼ 450 lm-
thick m-plane freestanding GaN wafer, sliced from a 7-mm
thick freestanding Hydride Vapor Phase Epitaxy (HVPE)
grown GaN boule (with an electron density of
9.5 1015 cm3, threading dislocation density varying from
1 106 cm2 at the edge side to  4 105 cm2 at the
front side of the boule). For carrier injection to the entire
bulk of the layer, we used two-photon (2P) excitation by
15 ps pulses at 527 nm from a neodymium-doped yttrium
lithium fluoride laser. Single-photon (1P) carrier injection at
351 nm was used to reach higher injected carrier densities, in
a photopumped slice of thickness d. Monitoring the probe
beam differential transmission, ln(T0/T)¼Dad, we measured
the FCA coefficient, Da, at kp¼ 1053 nm and 527 nm probe
wavelengths and determined the FCA cross-sections
reh¼ ln(T0/T)/
Ð
DN(z)dz, where the injected carrier density
DN(z) is integrated over the sample thickness.5 By varying
the orientation of the linearly polarized probe beam with
respect to the c-axis, the anisotropy of reh was measured.
Carrier diffusivity was investigated by the light-induced
transient grating technique8 under two-photon injection con-
ditions, providing DN¼ 1016 – 5 1017 cm3. Two orthogo-
nal orientations of the grating vector K with respect to the c-
axis were used to determine the diffusion coefficient D along
the two orthogonal directions (K\c and Kjjc) from the
diffusion-governed grating decay time.
In Fig. 1(a), we present the dependence of FCA on exci-
tation energy density for 1053 nm probe. The FCA signal
increased almost linearly with carrier injection at 351 nm,
thus a constant reh value can be assumed in the range up to
a)Author to whom correspondence should be addressed. Electronic mail:
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7 mJ/cm2 (5 1019 cm3). The linear relationship allowed
us to determine reh values. A varying FCA signal strength
for different probe beam polarizations implies that reh is
strongly anisotropic [Fig. 2(a)]. The FCA cross-section as a
function of the polarization angle / was fitted using reh(/)
¼reh \ – (reh \ – reh jj) cos2(/). For the 1053 nm probe, we
obtained reh\¼ 2.2 1017 cm2, rehjj ¼ 3.4 1018 cm2,
and an anisotropy ratio S¼ r\/rjj ¼ 6.5. The same values of
reh and S were obtained under two photon excitation, i.e., in
the carrier density range from 1015 to 5 1017 cm3 [see
Fig. 2(a)]. The injection-independent FCA at the given probe
wavelength can be attributed to the polar optical phonon
assisted FCA in valence bands,6 thus reh rh at 1053 nm.
Polarization-dependent FCA measurements with the
527 nm probe were performed at low and high carrier injec-
tion conditions (i.e., by using excitation wavelengths of
527 nm or 351 nm, respectively). At low excess carrier den-
sities, the measurements yielded smaller reh values com-
pared to those for the 1053 nm probe and no dependence on
polarization: reh\¼rehjj ¼ 8 1018 cm2 [Fig. 2(b)]. This is
a clear signature that holes that are responsible for FCA ani-
sotropy at 1053 nm do not contribute noticeably to FCA in
the visible spectral range, or at least at 527 nm. Therefore,
the electron-related transitions within the conduction band
must be invoked, contrary to the predictions.6 The measured
FCA cross-section that is more than an order of magnitude
larger than the predicted one re¼ 4.6 1019 cm2 is
ascribed to the isotropic conduction bands.9 The contribution
of direct inter-valence-band hole transitions cannot be
observed at 527 nm due to absence of appropriate valence
bands [see Fig. 2(c)].6
At high injection levels, the measured FCA cross sections
for kp¼ 527 nm revealed anisotropic features and much
smaller reh values with respect to those measured under low
injection [Fig. 2(b)]. We note that the high injection reh values
measured at zero delay [reh\¼ 1.2 1018 cm2, rehjj
¼ 6.7 1019 cm2, and S¼ r\/rjj ¼ 1.8, see Fig. 2(b)] are
close to the theoretical values for holes (rh\ ¼ 1.5 1018
cm2, rhjj ¼ 6.2 1019 cm2, S¼ r\/rjj ¼ 2.4),6 thus indicat-
ing that interband transitions in the conduction band are fully
suppressed at high excess carrier densities. Moreover, at lon-
ger probe delays, reh values slightly increased and became
more isotropic [Fig. 2(b)]: at 4 ns delay, reh\¼ 1.8 1018
cm2, rehjj ¼ 1.3 1018 cm2, and S¼r\/rjj ¼ 1.4.
To understand these observations, we analyzed the rate of
nonequilibrium processes and the influence of high excess car-
rier density on the intraband transitions within the conduction
bands. Single-photon excitation at 351 nm provides a carrier
density of up to DN 1020 cm3 within a very thin photoex-
cited layer, d¼ 1/a¼ 0.1lm, but ongoing rather fast diffusion
processes as well as the plausible absorption bleaching for
351 nm wavelength may expand the excited layer thickness d
up to a few micrometers.8 The injection-density (DN) depend-
ent room-temperature bandgap, according to Ref. 10 is given
by Eg,opt(DN) [eV]¼ 3.452 – 4.27 108DN1/3þ 0.082
(DN/1019)2/3, where the second and the third terms on the
right hand side represent the band gap renormalization
(BGR) and band filling, respectively. Consequently, for the
employed excitation wavelength of 351 nm (hm3¼3.53 eV),
the injected average carrier density for I0¼7 mJ/cm2 fluence
is limited to N*¼4.81019 cm 3 [assuming that Eg,opt(N*)
¼ hm3], and, therefore, carriers are distributed over
d¼ 2.6 lm depth, since N* d¼ I0/hm3. In order to obtain
the carrier density at 4 ns delay time [Fig. 1(b)], we fitted the
FCA decay rate using the relationship 1/sR¼ 1/snonR
þB(DN)DN and the measured nonradiative carrier life-
time of snonR¼ 49 ns at low injection (see inset in [Fig.
1(b)]). The modeling of vertical carrier diffusion with vary-
ing diffusivity D(DN) and bimolecular recombination coeffi-
cient B(DN) values for the degenerate carrier plasma11,12
FIG. 1. (Color online) (a) Polarization-dependent FCA for a 1053 nm probe
beam: dependence on excitation energy density and (b) FCA decay kinetics
at high injected carrier density (5 1019 cm 3). The dashed lines are nu-
merical fits and the inset in (b) shows FCA decay at low excess carrier den-
sity (1017 cm3).
FIG. 2. (Color online) (a) Polarization dependence of FCA cross-section reh
for 1053 nm probe wavelength at high (351 nm) and low injection (527 nm)
conditions. (b) reh for 527 nm probe at low (DN 5 1017 cm3, external
circle) and high injection [two internal circles for reh at zero delay time (for
DN 5 1019 cm3) and at 4 ns delay time (for DN 2.6 1019 cm3)]. (c)
GaN energy band diagram with direct (vertical arrows) and indirect phonon-
assisted intraband transitions (diagonal arrows) depicted (after Ref. 6).
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provided a density of 2.6 1019 cm3 and an instantaneous
lifetime of 11 ns at 4 ns delay. As the hole effective mass is
some 10 times higher than that for electrons,10 band filling
and BGR impact the conduction band more by lifting it up
by 233meV and shifting down by 155meV, respectively,
[obtained from Eg,opt(DN) at DN¼N*]. Assuming that
higher energy electrons mostly contribute to interband transi-
tions leads to detuning of the resonance transition energy
between lower and upper conduction bands at 2.5 eV (Ref.
6) and to vanishing electron-related contribution to reh (see
Fig. 2(c)). At longer probe delays, the impact of many-body
effects decreases with decreasing carrier density causing the
FCA cross-section to increase. Eventually, at the low injec-
tion limit (1017 cm3), the measured reh¼ 8 10 18 cm2
value involves contributions from the isotropic electron
cross-section, re¼ 7 1018 cm2, and the much smaller ani-
sotropic hole cross-section, rh (1.2-0.7) 1018 cm2,
measured at zero delay [see Fig. 2(b)].
The fitting of rh in the 527-1064 nm range uncovered a
tendency of its fast increase in accordance with the relation-
ship rh ! k
-p, accounting both the anisotropy in effective
masses and relaxation times.6 Here, scattering by polar opti-
cal phonons would lead to p¼ 2.5 (Ref. 13) whereas our fit-
ting provided p values of 4.0 and 2.5 for E\c and Ejjc
polarizations, respectively. The discrepancy with the theory
for E\c polarization can be explained by band nonparabolic-
ities and/or hole intervalence band transitions for 1053 nm.6
Injection independent rh at 1053 nm is verified by a linear
dependence of FCA vs. injection [as predicted theoretically13
and confirmed by our data, Fig. 1(a)] and vs. temperature (as
reported for E\c (Ref. 7)).
For measurements of the diffusivity, D, the carriers were
injected by two-photon interband transitions at 527 nm provid-
ing equal density of electrons and holes. The sample was
rotated by 90 to obtain the orthogonal or parallel orientations
of the grating vector K¼ 2p/K (which is in the plane of gra-
ting recording beams) with respect to the c-axis. The refrac-
tive index spatial modulation Dn(x) by the injected carrier
density DN(x)¼N02P(1þ cos(Kx))2, where x is the in-plane
spatial coordinate, creates a transient phase grating [Dn(x) !
DN(x)], on which the probe beam at 1053 nm diffracts and its
efficiency decays with g(t)! DN2 exp(-2 t/sG).
14 The meas-
ured exponential grating decay time sG is used to obtain the
diffusive decay time sD¼ 1/K2D through the relationship
1=sG ¼ 1=sR þ 1=sD for the given diffusion coefficient D,
grating period K¼ 1.74lm and a very long nonradiative car-
rier lifetime sR  snonR¼ 49 ns. Two-photon band-to-band ex-
citation created holes and electrons with equal densities
DN¼DNn¼DNh, and the injected average carrier density
Nav¼ 1.5N02P was calculated according to Ref. 14. The
electrons and holes diffused together with the ambipolar diffu-
sion coefficient given as:15 D(DN)¼ (n0þDNnþDNh)DnDh/
[(n0þDNn)DnþDNhDh], where n0 is the doped electron den-
sity and Dh and Dn are the hole and electron diffusivities,
respectively. Assuming that DhDn for GaN due to the large
hole effective mass, we determined the Dh value at low injec-
tions (DN n0) and the ambipolar diffusivity Da 2Dh at
DN n0. A fitting of experimental diffusivity data (Fig. 3) as
a function of Nav provided an average doping density of
n0¼ 2 1016 cm3 as well as hole diffusion coefficients of
Dh\¼ 0.76 cm2/s and Dhjj ¼ 0.65 cm2/s. For modeling the dif-
fusivity at low injections, Dn values of 36 and 26 cm
2/s were
used for c-plane and m-plane samples, respectively, based on
the reported electron mobilities16 and their relationship to dif-
fusivity, Dn¼ kTle/e.15 The experimental data provided a
17% anisotropy of the room-temperature hole mobility in
m-plane GaN for two orthogonal in-plane orientations. The
rather small anisotropy of mobility can be attributed to the op-
posite anisotropy of the light-hole and split-off valence
bands.9 In the m-plane GaN sample investigated, the acoustic
phonon scattering is dominant at room temperature, as the ion-
ized impurity scattering reduces the mobility in m-GaN with
respect to c-GaN only by 7% based on the doping levels.
Thus, according to Ref. 17, a ratio of D\/Djj ¼ 1.35 was cal-
culated, using the GaN valence band parameters.9 The calcu-
lated diffusion anisotropy is in satisfactory agreement with the
experimentally obtained value of D\/Djj ¼ 1.17.
In conclusion, we investigated the FCA anisotropy and
diffusivity in bulk m-plane GaN under low and high carrier
injection conditions. A strong hole-related FCA anisotropy
was observed at 1053 nm probe wavelength with the cross-
section ratio of r\/rjj ¼ 6.5. FCA at 527 nm probe wave-
length was isotropic and related to electron-transitions
between the lower and upper conduction bands. Strong
blocking of electron transitions at high injections due to
band filling and renormalization revealed the anisotropic fea-
tures of hole-related FCA at 527 nm. Small anisotropy of
hole and ambipolar diffusivity was attributed to the opposite
anisotropy of the light-hole and split-off valence bands.
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